When the skin is injured, keratinocytes proliferate, migrate, and differentiate to regenerate the epidermis. We recently showed that ablation of the vitamin D receptor (Vdr) in keratinocytes delays wound re-epithelialization in mice also fed a low-calcium diet, implicating a cooperative role of Vdr and calcium signaling in this process. In this study, we examined the role of vitamin D and calcium signaling in wound healing by deleting their receptors, Vdr and the calcium-sensing receptor (Casr). Gene expression profiling of neonatal epidermis lacking both Vdr and Casr [Vdr and Casr double knockout (DKO)] specifically in keratinocytes revealed that DKO affects a number of pathways relevant to wound healing, including Vdr, b-catenin, and adherens junction (AJ) signaling. In adult skin, DKO caused a significant delay in wound closure and re-epithelialization, whereas myofibroblast numbers and matrix deposition were unaffected. The injury-induced proliferation of epidermal keratinocytes was blunted in both epidermis and hair follicles, and expression of b-catenin target genes was reduced in the DKO. Expression of E-cadherin and desmoglein 1 was reduced in the shortened leading edges of the epithelial tongues re-epithelializing the wounds, consistent with the decreased migration rate of DKO keratinocytes in vitro. These results demonstrate that Vdr and Casr are required for b-catenin-regulated cell proliferation and AJ formation essential for re-epithelialization after wounding. We conclude that vitamin D and calcium signaling in keratinocytes are required for a normal regenerative response of the skin to wounding.
F ailure to heal wounds in a timely fashion results in substantial morbidity and medical expense estimated recently to affect 6.5 million patients in the United States at a cost of .$25 billion (1). Vitamin D deficiency has been implicated as at least contributory in several studies (2, 3) . We (4) and others (5, 6) have demonstrated that deletion of the vitamin D receptor (Vdr) retards wound healing. An important difference between our studies and that of others (5, 6 ) is our use of a model in which Vdr deletion is specifically from keratinocytes. This enabled us to focus on their role in the re-epithelialization process in contrast to global deletions of Vdr, studies that revealed the importance of Vdr in the contribution of macrophages and fibroblasts to the healing process (5, 6) .
In our previous studies (4), restricting dietary calcium enhanced the deficit in wound healing caused by Vdr deletion, confirming the important role played by calcium in its interaction with vitamin D signaling in promoting keratinocyte differentiation (7) . Calcium is a wellestablished mediator of epidermal differentiation. Its actions on the keratinocyte are mediated primarily through the calcium-sensing receptor (Casr) (8) (9) (10) (11) (12) (13) . Many of these effects of calcium on keratinocyte differentiation are dependent on and/or complementary to those of Vdr (14) (15) (16) .
Of particular importance for the current study is the requirement for both calcium and vitamin D signaling in the formation of the adherens junction (AJ) containing the E-cadherin/catenin complex (4) involved in the migration of the keratinocytes to re-epithelialize the wound (17) and their subsequent differentiation to regenerate the epidermis (12, 13) . Under normal circumstances, cells residing in the basal layer of the interfollicular epidermis (IFE), junction/isthmus, and bulge regions within the outer root sheath (ORS) of the hair follicle (HF) are responsible for the regeneration of the IFE, sebaceous glands, and HF, respectively (18) (19) (20) (21) . However, after wounding, all the cells contribute at least transiently to the regeneration of the epidermis (18, 21) .
We developed a mouse model in which the entire transmembrane domain and intracellular portion of the Casr is deleted in Keratin 14 (Krt14)-expressing keratinocytes (10, 22) , and we have used this model to demonstrate in vivo the role of Casr in calcium signaling within the keratinocyte. The expression of the Casr is increased by 1,25(OH) 2 D 3 , making the keratinocyte more sensitive to the actions of calcium (14) . Moreover, deletion of Casr led to the reduction in Vdr expression (23) . We recently showed that deletion of the Vdr in keratinocytes delays wound re-epithelialization in mice fed a low-calcium diet, implicating a cooperative role of Vdr and calcium signaling in this process. Therefore, we generated a mouse model in which receptors for both vitamin D and calcium signaling, Vdr and Casr, are removed from keratinocytes and evaluated the role of vitamin D and calcium signaling in the wound re-epithelialization process. Because Vdr deletion affects hair cycling in which resting telogen shifts to growing anagen, we examined the role of Vdr and Casr in wound re-epithelialization in telogen skin. The state of the skin is judged by skin color, because melanogenesis is strictly coupled to anagen phase (24) .
Materials and Methods

Animals
Mice in which exon 7 of the Casr is floxed (Casr tm1Wch ) (23) and exon 3 of the Vdr is floxed (Vdr tm1Pcn ; gift from Dr. Shigeaki Kato) were bred with mice expressing Tg(Keratin14-cre) amc (Krt14 cre; Jackson Laboratory). The final breeding (female mice homozygous for the floxed genes bred with male mice homozygous for the floxed genes and transgenic for the cre) produces litters homozygous for the floxed genes, but only half have the cre [double knockout (DKO)]. The non-creexpressing littermate mice serve as controls (CONs). The epidermis of neonatal mice was removed from the dermis as previously described (25) for microarray analysis. All other mice were raised after weaning on a low-calcium diet containing 0.01% to 0.02% calcium, 0.42% phosphorus, and 2,200 IU vitamin D/kg (TD86162; Teklad). These mice were bred into the C57Bl/6J background before use. Male mice for DKO and CON (n $ 3) were used to evaluate wound healing. They were studied at 12 weeks of age (telogen) with biopsy specimens obtained from skin that was clearly in telogen by visual inspection (pink). All experiments were approved by the Institutional Animal Care and Ethics Committee at the San Francisco VA Medical Center.
Wounding protocol
After shaving, two 6-mm, full-thickness skin biopsies from the upper portion of the backs of the mice were performed. Regions of the skin in telogen (pink) were selected to avoid differences in stages of HF cycling (26) . The wounds were monitored during a 6-to 10-day recovery as described (4) . In addition, two -mm biopsies were made in the upper back of other mice that were killed after 3 days for analyses; one of the wounds was used for histologic examination and the other to determine mRNA levels. The samples for histology were fixed by 4% paraformaldehyde and paraffin embedded. Sections across the center of the wound were obtained angled in parallel with hair follicles. The rim of tissue around the other wound in the same mouse was harvested and stored in RNAlater (Qiagen) for subsequent gene expression analyses.
Morphometric measurement of re-epithelialization
Photographs including a ruler were obtained at each time point, digitized, and areas and perimeters of the epithelial margins measured with Bioquant (Bioquant Image Analysis Corporation). Measurements across the wound as well as between the leading edges of the epidermis were recorded and expressed as a ratio of the distance between the leading edges of the epithelial tongues to the overall diameter of the wound.
Immunohistochemistry
The paraffin sections were first treated with citrate-based antigen unmasking solutions (Vector Laboratory). They were incubated with commercially available antibodies against Vdr (Santa Cruz C-20), E-cadherin (Santa Cruz Biotechnology H-108), desmoglein 1 (Santa Cruz Biotechnology H-290) Cd44 (catalog no. IF7 Ab119863; Abcam), and a-smooth muscle actin (a-Sma; catalog no. SP171; Sigma-Aldrich). The Casr antibody is a custom-made rabbit polyclonal antibody raised against the peptide corresponding to amino acids 215 to 236 of the human keratinocyte Casr (8) . The sections were then incubated with biotinylated secondary antibody, streptavidinhorseradish peroxidase using the Vectastain Elite ABC kit (Vector Laboratory), and DAB staining solution (Vector Laboratory) or Anti-Ig HRP staining kit (BD Bioscience). The sections were counterstained with Gill's hematoxylin.
Cell proliferation
The wound sections were stained with a proliferating cell nuclear antigen (PCNA) staining kit (Invitrogen) according to the manufacturer's instructions with minimum exposure of substrate to specifically detect cell proliferation induced by wounding. The PCNA-positive cells at the edge of the wound were quantitated by image analysis using Bioquant. The percentage of PCNA-positive cells in knockout mice compared with those in CONs was calculated. Statistical significance was evaluated by counting cells in six or more sections in each group each with three mice per group.
mRNA analyses
High-quality RNA was purified from the epidermis of neonates using the PicoPure RNA isolation kit (Thermo Fisher Scientific) according to the manufacturer's protocol. The quantity and quality of RNA were verified using the Aligent Bioanalyzer (Agilent Technologies) for microarray analyses. RNA was also isolated from wounded skin for quantitative polymerase chain reaction (qPCR) analyses as described (4) . The skin tissues were homogenized with Stat 60 RNA extraction reagent (Tel-Test) using a Polytron homogenizer (Kinematica) and the RNA extracted. The RNA was further purified by RNA easy mini kit (Qiagen) for qPCR.
Microarray
Gene expression profiles were analyzed using an Illumina beads chip-based gene array (Mouse Ref-8 v2.0; Ambion) in the University of California, Los Angeles, Neuroscience Genomics Core. The data were normalized by Genome Studio (Illumina), and analyzed using pathway software IPA (Ingenuity Systems). The array data were submitted to a public database (GEO/NCBI/NIH; http://www.ncbi. nlm.nih.gov/geo). Data for neonatal epidermis for DKO are available as an accession number GSE68725 (DKO) under superseries GSE68726.
qPCR
The RNA was reverse transcribed and gene expression was evaluated by quantitative real-time PCR, as described (4). Briefly, cDNA was synthesized and qPCR was performed using Power SYBR Green (Applied Biosystems) with the 7300 or ViiA Real-Time PCR system (Applied Biosystems ). Relative mRNA levels compared with the control gene Gapdh were calculated. We used primers that were designed and verified by Primer bank where the sequences are available (https://pga.mgh.harvard. edu/primerbank/).
Cell migration assay
Human primary keratinocytes were isolated from neonatal foreskin and maintained in Medium 154CF (Thermo Fisher Scientific) containing Human Keratinocyte Growth Supplement (Thermo Fisher Scientific) with 0.07 mM calcium. Keratinocytes were transfected with short interfering RNA for Vdr and Casr, or random short interfering RNA (siCON), as described previously (27) . Confluent keratinocyte cultures were switched to 154CF media with 5 mg/mL mitomycin for 4 hours to stop their proliferation. The cultures were scratched using a 20 mL pipette tip (Rainin). Cell migration was monitored by taking phase-contrast photographs in the same field before and after scratching at over five different locations. Cell migration was assessed by measuring the open space remaining at different times after scratching, using Bioquant software. Statistical significance was evaluated by t test using at least five different fields for two independent batches of keratinocytes.
Results
Generation of mice lacking both Vdr and Casr from epidermal keratinocytes (DKO)
Mice expressing both floxed Vdr (28, 29) and floxed Casr (23) were bred with mice expressing Krt14 cre recombinase to generate the DKO. The triple-transgenic mice with floxed Vdr/floxed Casr with the Krt14-driven cre transgene (DKO) were compared with CONS that had floxed Vdr/floxed Casr but no cre. The efficiency of gene deletion is shown in Figure 1 . Both Vdr and Casr were expressed in the keratinocytes in both the basal layer of IFE, and bulge and ORS of the HF of CONs (3 months old), but their expressions were essentially abolished in DKO skin [ Fig. 1(a) and 1(b) ]. Casr was abundantly expressed in the thickened epidermis at the wounding edge [ Fig. 1(c) ].
Deletion of both Casr and Vdr downregulates gene expression for Vdr signaling and AJ signaling in neonatal epidermis
As a first step in examining the molecular mechanisms by which Vdr and Casr regulate epidermal regeneration, we performed gene expression profiling in the epidermis lacking Vdr and Casr, using microarray. We used neonatal epidermis to identify the causative signaling pathways and genes functioning in the epidermis before obvious phenotypic changes observed in adult skin, in particular before the disruption of HF cycling in these mice that begins around day 15. RNA was purified from the epidermis of the DKO mice and their littermate CONs (n = 3). The gene expression profiles were analyzed using a beads-based gene array including 25,600 annotated transcripts and 19,100 genes (Illumina) (data are available in GEO database GSE68726). The fold changes of DKO/CON were calculated and analyzed using IPA software (Ingenuity Systems).
These analyses revealed that expression of vitamin D3 target genes was significantly downregulated in DKO epidermis [ Fig. 2(a), heat map] . A substantial number of these downregulated vitamin D3 target genes (Fig. 2 , light gray) in neonatal epidermis are (Table 1 ). Pathway analysis indicated that epithelial AJ signaling was the most significantly downregulated canonical pathway in DKO epidermis (Table 2) . Cellular growth and proliferation were the most affected cellular functions, and 1,25 (OH) 2 D 3 and b-catenin (CTNNB1) were shown to be highly important potential upstream regulators to cause these changes in DKO (Table 3) . Our study also suggested that Vdr and Casr concurrently regulate epidermal homeostasis through regulation of E-cadherin mediated AJ formation. 
Deletion of both Vdr and Casr delays wound re-epithelialization
We then examined the impact of DKO on wound healing. In the first set of experiments, the healing process of 6-mm, full-thickness skin biopsy wounds from the upper back of 3-month-old DKO mice and littermate CONs was monitored with daily photographs, and the area of the open wound was determined. Wound closure was delayed in DKO mice compared with CONs, as shown by the sizes and images of the wounds [ Fig. 3(a)  and 3(b) ]. Wound re-epithelialization was determined in histologic sections of 3-mm wounds obtained at day 3 that demonstrated the delay in re-epithelialization in DKO skin as shown in images [ Fig. 3(c) ] and with calculation of the distance for the leading edge of the epithelial tongues to travel to close the wounds [ Fig. 3(d) ].
In mouse skin, contraction of the wound involves myofibroblasts within the dermis (30) . To examine whether deletion of Vdr and Casr from keratinocytes influenced the dermal matrix and, in particular, the number of myofibroblasts in the dermis, we evaluated collagen deposition within granulation tissue and the distribution of the a2Sma-positive myofibroblasts (Supplemental Fig.  2A and 2B) . We did not observe clear differences in either comparing the DKO and CON mice. Moreover, the mRNA levels of myofibroblast and matrix markers in the wounds of DKO mice were not different from those markers within wounds of the littermate CONs (Supplemental Fig. 2C ). These results demonstrate that DKO specifically in the epidermis delays wound re-epithelialization but not matrix deposition and myofibroblast numbers. Therefore, our attention turned toward events occurring in the epidermis that contribute to the delay in re-epithelialization of wounds in the DKO mice.
Deletion of both Vdr and Casr blunts injury-induced proliferation and activation of b-catenin signaling
Wound-induced cell proliferation was evaluated by PCNA staining. Three days after creating 3-mm, full Supplemental Fig. 3) . b-catenin signaling mediates injury-induced cell proliferation (19) . Therefore, we evaluated b-catenin signaling in wounded skin of CON and DKO mice by measuring the b-catenin target gene Cd44. The expression of Cd44 was induced at the leading edge of wounds in CONs, but it was less induced in DKO mice [ Fig. 4(c)] . Similarly, the expression of b-catenin target genes Ccnd1 and other cell cycle regulators was highly induced by wounding in CONs but less so in DKO mice [ Fig. 4(d) ]. These results suggest that the combined deletion of Vdr and Casr blunts injury-induced keratinocyte proliferation by limiting the stimulation of b-catenin signaling in the keratinocytes.
Deletion of Vdr and Casr reduced migration of keratinocytes and decreased AJ formation
Pathway analysis of the microarray data demonstrated a reduction in epithelial AJ formation of which the E-cadherin/catenin complex is a part [ Table 1 ; Fig. 5(a) ; Supplemental Fig. 3] . Previous in vitro studies showed that Vdr and Casr are each required for formation of the E-cadherin/catenin complex (10, 27) . Therefore, we examined the expression of E-cadherin as well as the desmosome component, desmoglein 1, also controlled by calcium signaling, at the leading edges of the epithelium re-epithelializing the wound in both CON and DKO mice [ Fig. 5(b) ]. Both were highly expressed in the CON mice epithelia. Desmoglein 1 was expressed in the upper layers of the epithelium, whereas E-cadherin was expressed throughout the epithelium. However, in the DKO mice, their expression was reduced. Moreover, the expression pattern of desmoglein 1 was disorganized [ Fig. 5(b) , middle panels], and that of To determine whether the decreased rate of reepithelialization in the DKO mice was due to a reduction in adhesion, migration, or both, we tested whether decreasing the expression of Vdr and Casr with short interfering RNA (siDKO) in cultures of human keratinocytes would alter these processes. The typical honeycombed appearance of confluent keratinocytes was disrupted in siDKO cells, indicating reduced adhesion capability [ Fig. 5(c) ]. Cell migration rate was also decreased in siDKO cells compared with siCON cells, as shown in the results from the scratch test [ Fig. 5(d) and 5(e) ]. These data demonstrate that Vdr and Casr regulate adhesion and migration of keratinocytes, essential processes for wound re-epithelialization.
Discussion
Calcium and vitamin D signaling are well established as major regulators of keratinocyte differentiation, and their actions can be both compensatory and mutually interdependent (7) . These points are well illustrated by the comparable impact both Casr and Vdr deletions have on epidermal differentiation (23, 31, 32) in vivo and their interdependency on keratinocyte differentiation in vitro (4, 14-16). These compensatory but interacting aspects of calcium and vitamin D signaling on wound healing, however, have received little attention, although our previous study demonstrating that a low-calcium diet potentiated the delay in wound healing caused by deletion of the Vdr from keratinocytes (4) indicated this interaction during wound healing as well. With these earlier observations in mind, in this study, we examined the impact of the combined deletion of Vdr and Casr in keratinocytes on the wound healing process.
We first showed that Casr and Vdr were expressed in IFE and HF, those cells that respond to wounding with proliferation and migration to regenerate the epidermis (18, 21) . When we examined the transcriptome of the epidermis of mice in which both Vdr and Casr were deleted, we were struck by how profound an effect the combined deletion had when Vdr signaling elements were specifically assessed even in neonatal epidermis, which phenotypically looked normal ( Fig. 2 ; Supplemental Fig. 3 ). These studies pointed us to two pathways that play important roles in the response of skin to wounding, namely, b-catenin signaling, given its role in proliferation producing the cells that subsequently regenerate the epidermis (18, 21) ; and the formation of the E-cadherin/catenin complex that not only is essential for epidermal differentiation (13) but enables migration of keratinocytes as a unit across the wound to re-epithelialize it (17) . Indeed, the combined deletion of Vdr and Casr blunted the proliferative response to wounding (Fig. 4) and the migration of the epithelium across the wound in adult skin (Figs. 3 and 5 ).
Our working model is shown in Figure 6 . Figure 6 (a) summarizes our findings illustrating the reduction in proliferation and re-epithelialization probably caused by the loss of b-catenin signaling and E-cadherin/catenin (AJ junction) formation. Our concept of potential molecular mechanisms by which vitamin D and calcium signaling interact to regulate proliferation and migration of keratinocytes during wound re-epithelialization is shown in Figure 6 (b).
First, Vdr induces genes including Casr regulating differentiation of the HF and epidermis (7) but also acts in partnership with b-catenin to bind to VDRE/LEF response elements to regulate b-catenin target genes such as Cnnd1 to promote cell cycle progression (33) . Calcium, mediated by the Casr, stimulates E-cadherin/catenin complex formation (10) . This complex provides a reservoir of b-catenin in the membrane but also includes a-catenin, the link of this complex to the cytoskeleton enabling cell migration as well as cell adhesion, and the enzymes phosphatidyl inositol 3 kinase and phosphatidyl inositol 4-phosphate 5-kinase 1a involved in generating signaling molecules that promote differentiation (12, 13) . In particular, phosphatidyl inositol 3 kinase and phosphatidyl inositol 4-phosphate 5-kinase 1a sequentially phosphorylate PIP and PIP2 to PIP3, which activates PLC-g1. PLC-g cleaves PIP2 to form IP3 and diacylglycerol; IP3 releases calcium from intracellular stores important for the acute response to wounding, and diacylglycerol along with calcium activates PKCa. The role of PKCa is of particular interest. We have shown its role in calcium-induced keratinocyte differentiation (34), but mice lacking PKCa also have delayed re-epithelialization in response to wounding, whereas if the PKCa is constitutively activated, re-epithelialization is accelerated (35) . This regulation of re-epithelialization is thought to be due to a change in the adhesiveness of desmosomes. Lack of PKCa results in hyperadhesive desmosomes blocking migration, but when PKCa is present and active, the desmosomes become calcium sensitive and less adhesive, permitting migration (35) . Thus, in the DKO, a reduction in desmosome formation as reflected by the decreased expression of desmoglein (Fig. 5) as well as decreased calcium signaling required to activate PKCa may also contribute to the blunting of re-epithelialization.
In this study, we demonstrated a role for Vdr and Casr in epidermal keratinocytes in wound healing by using a conditional knockout model in which Vdr and Casr are deleted from Krt14-expressing epithelia. However, it is still possible that deletion of these genes in epithelia may indirectly influence other cells such as immune cells. In fact, we observed that injury-induced macrophage recruitment into the dermis is reduced in DKO wounds (data not shown).
Our data indicate that vitamin D signaling is beneficial for wound re-epithelialization in skin. The Vdr may work with other nuclear hormone receptors that are also involved in cutaneous wound repair (36) . The retinoid X receptor may function with Vdr by forming a complex to activate transcription of vitamin D3 target genes. Other steroid hormone receptors such as the glucocorticoid receptor are not known to interact with Vdr and are likely to exert their effects on wound healing independent of Vdr.
These observations are of potential clinical significance. As noted in the at the beginning of this article, vitamin D deficiency is associated with poor wound healing (2, 3) , and a randomized clinical trial of oral vitamin D supplementation demonstrated improved wound healing of patients with diabetic foot ulcers compared with placebo (37) . Moreover, the superiority of calcium-alginate dressings compared with other wound care products (38) suggests a role for calcium in wound repair. Thus, maintaining good vitamin D and calcium nutrition and/or direct application of calcitriol or its analogs to the wound may accelerate wound healing in conditions where wound healing is delayed.
In summary, we have demonstrated that vitamin D and calcium signaling in keratinocytes is required for a normal wound re-epithelialization process. The mechanisms implicated are those regulated by both b-catenin signaling and E-cadherin/catenin complex formation.
